We describe a new method for extracting weak, CP-violating phase information, with no hadronic uncertainties, from an angular analysis of B → V 1 V 2 decays, where V 1 and V 2 are vector mesons. The quantity sin 2 (2φ 1 + φ 3 ) can be obtained cleanly from the study of decays such as B 0
1
The reason that B decays are such a useful tool is that the CP angles can be obtained without hadronic uncertainties. It was thought that the CP angles could be easily measured in B One class of final states that was considered consists of two vector mesons, V 1 V 2 . Because the final state does not have a well-defined orbital angular momentum, the final state V 1 V 2 cannot be a CP eigenstate. This then implies that, even if both B 0 and B 0 can decay to the final state V 1 V 2 , one cannot extract a CP phase cleanly. However, this situation can be remedied with the help of an angular analysis.
3 By examining the decay products of V 1 and V 2 , one can measure the various helicity components of the final state. Since each helicity state corresponds to a state of well-defined CP, an angular analysis allows one to use B → V 1 V 2 decays to obtain one of the CP phases cleanly.
We show that the angular analysis is more powerful than has been realized previously. Due to the interference between the different helicity states, there are enough independent measurements that one can obtain weak phase information from the decays of B 0 and B 0 to a common final state f . Furthermore, contrary to other methods, it is not necessary to measure the branching ratios of both B 0 → f and B 0 → f . This is important for final states such as D * ± ρ ∓ , in which one of the two decay amplitudes is considerably smaller than the other one.
The most general covariant amplitude for a B meson decaying to a pair of vector mesons has the form
where m 1 , m 2 are the masses of V 1 , V 2 respectively. The coefficients a, b, and c can be expressed in terms of the linear polarization basis A , A ⊥ and A 0 as follows:
where x = k.q/(m 1 m 2 ). If both mesons subsequently decay into two J P = 0 − mesons, i.e. V 1 → P 1 P ′ 1 and V 2 → P 2 P ′ 2 , the amplitude can be expressed as where θ 1 (θ 2 ) is the angle between the P 1 (P 2 ) threemomentum vector, k 1 ( q 1 ) in the V 1 (V 2 ) rest frame and the direction of total V 1 (V 2 ) three-momentum vector defined in the B rest frame. Φ is the angle between the normals to the planes defined by P 1 P ′ 1 and P 2 P ′ 2 , in the B rest frame. The angular distribution for the decay B → D * ρ is shown in Figure 1 . We consider a final state f , consisting of two vector mesons, to which both B 0 and B 0 can decay. If only one weak amplitude contributes to B 0 → f and B 0 → f , we can write the helicity amplitudes as follows:
where the helicity index λ takes the values {0, , ⊥}. In the above, φ a,b and δ a,b λ are the weak and strong phases, respectively.
Using CPT invariance, and the decay amplitude expressed in Eq. 3, the total decay amplitudes can be written as
where the g λ are the coefficients of the helicity amplitudes, defined using Eq. 3.
With the above equations, the time-dependent decay rate for a B 0 decaying into the two vector-meson final state, i.e. B 0 (t) → f , can be expressed as
By performing a time-dependent study and angular analysis of the decay B 0 (t) → f , one can measure the 18 observables Λ λσ , Σ λσ and ρ λσ . In terms of the helicity amplitudes A 0 , A , A ⊥ , these can be expressed as follows:
where i = {0, }. In the above, q/p = exp(−2 iφ M ), where φ M is the weak phase present in B 0 -B 0 mixing. Similarly, the decay rate for B 0 (t) →f is given by
The expressions for the observablesΛ λσ ,Σ λσ andρ λσ are similar to those given in Eq. (13), with the replacements
With the above expressions for the various amplitudes, we now show how to extract weak phase information using the above measurements. First, we note that
(15) Thus, one can determine the magnitudes of the amplitudes appearing in Eqs. (4)- (7), a 2 λ and b 2 λ . However, it must be stressed that the knowledge of b 2 λ will not be necessary within our method. This is important for the final states that have b λ ≪ a λ , for which the determination of b 2 λ would be very difficult.
Next, we have
where
Using Eq. (16) one can solve for a ⊥ a i sin ∆ i . We will see that this is the only combination needed to cleanly extract weak phase information.
The coefficients of the sin(∆mt) term, which can be obtained in a time-dependent study, can be written as (17) where the sign on the right hand side is positive for λ = , 0, and negative for λ =⊥. In the above, we have defined the CP phase φ ≡ −2φ M + φ b − φ a . These quantities can be used to determine
Similarly, the terms involving interference of different helicities are given as
Putting all the above information together, we are now in a position to extract the weak phase φ. Using Eq. (18), the expressions in Eq. (19) can be used to yield
Now, we already know most of the quantities in the above two equations: (i) ρ λσ andρ λσ are measured quantities, (ii) the a 2 λ are determined from the relations in Eq. (15), and (iii) a i a ⊥ sin ∆ i is obtained from Eq. (16) . Thus, the above two equations involve only two unknown quantities -tan φ and a i a ⊥ cos ∆ i -and can easily be solved (up to a sign ambiguity in each of these quantities). In this way tan 2 φ (or, equivalently, sin 2 φ) can be cleanly obtained from the angular analysis.
Note that our method relies on the measurement of the interference terms between different helicities. However, we do not actually require that all three helicity components of the amplitude be used. In fact, one can use observables involving any two of largest helicity amplitudes. In the above description, one could have chosen ' 0' instead of '⊥ ' or '⊥ 0'.
We now turn to specific applications of this method. Consider first the situation in which the final state is a CP eigenstate, f = ±f . In this case, the parameters of Eqs. (4)-(7) satisfy a λ = b λ , δ a λ = δ b λ (which implies that δ λ = 0), and φ a = −φ b (so that φ ≡ −2φ M + 2φ b ). As described above, a 2 λ can be obtained from Eq. 15. But now the measurement of ρ λλ [Eq. (17) ] directly yields sin φ. In fact, this is the conventional way of using the angular analysis to measure the weak phases: each helicity state separately gives clean CP-phase information. Thus, when f is a CP eigenstate, nothing is gained by including the interference terms.
Of course, in general, final states that are CP eigenstates will all receive penguin contributions at some level. Thus, these states violate our assumption that only one weak amplitude contributes to B 0 → f and B 0 → f . The only quark-level decays which do not receive penguin contributions areb →cud,ūcd, as well as their Cabibbo-suppressed counterparts,b →cus,ūcs. Consider first the decays B 
Obviously, it will be very difficult to measure this tiny quantity with any precision, which creates a serious barrier to carrying out Dunietz's method in practice. On the other hand, our method does not suffer from this problem. In our notation [Eqs. (4)- (7) 
8 However, such Cabibbo-suppressed decays have much smaller branching ratios than those for
One can also consider B The extraction of sin 2 (2φ 1 + φ 3 ) may well turn out to be the second clean measurement to be made at Bfactories. Studies are already underway for a possible measurement at the first generation B factory. 12 The angle φ 2 can be measured using an isospin analysis in B 
14 It is estimated that this measurement will take roughly six years to complete. As for the angle φ 3 , the original suggestion using the decays
runs into problems because it is virtually impossible to tag the flavor of the final-state D-meson. One can still obtain φ 3 cleanly in other modes 16, 4 but this requires many more B's, so that it is unlikely such measurements can be carried out in the first generation B-factories. Finally, there has been much work recently looking at the possibilities for extracting φ 3 from B → πK decays. 17 However, all of these methods use flavor SU (3) symmetry, and so rely heavily on theoretical input. In view of all of this, it is conceivable that the second clean extraction of CP phases at B factories will be the measurement of sin 2 (2φ 1 + φ 3 ) using the method described here. We also note that the measurement of sin 2 (2φ 1 + φ 3 ) may turn out to be very useful in looking for physics beyond the SM. For more details one is referred to Refs. 11 and 18.
To summarize, we have presented a new method of using an angular analysis in B → V V decay modes, which do not receive penguin contributions, to cleanly extract the weak phases (2φ 1 + φ 3 ) and φ 3 . We have shown that the quantity sin 2 (2φ 1 + φ 3 ) can be cleanly obtained from the time dependent angular analysis study of the decays B 
